Alfalfa leaf curl virus (ALCV) is the first geminivirus for which an aphid transmission was 8 reported. Transmission by Aphis craccivora was determined previously to be highly specific 9 and circulative. Using various complementary techniques, the transmission journey of ALCV 10 was monitored from its uptake in an infected plant tissue up to the head of its vector. ALCV 11 was shown to be restricted in the phloem using fluorescent in situ hybridization (FISH) and 12 electropenetrography (EPG) monitoring of virus acquisition. Furthermore, the virus is 13 heterogeneously distributed in the phloem as revealed by FISH and qPCR quantification of the 14 viral DNA acquired by aphids monitored by EPG. In spite of the efficient ingestion of viral 15 DNA, about 10 6 in a 15-hour feeding on ALCV infected plants, the individual transmission rate 16 was at a maximum of 12%. Transmission success was related to a critical viral accumulation, 17 around 1.6x10 7 viral DNA copies per insect, a threshold that needs generally more than 48 18 hours to be reached. Moreover, whereas the amount of acquired virus does not decrease over 19 time in the whole aphid body, it decreased in hemolymph and heads. ALCV was not detected 20 in progenies of viruliferous aphids and had no effect on aphid fitness. Compared to 21 geminiviruses transmitted by whiteflies or leafhoppers or to luteovirus transmitted by aphids, 22 the transmission efficiency of ALCV by A. craccivora is low. This result is discussed in relation 23 to the aphid vector of this geminivirus and the agroecological features of alfalfa, a hardy 24 perennial host plant. 25 26 27 30 or suspected to be transmitted according to the circulative mode, although they are transmitted 31 by vectors belonging to different hemipteran groups. Thus, viruses of the genus Begomovirus 32 are transmitted by whiteflies (3), those of the genera Mastrevirus, Curtovirus, Becurtovirus, 33 Turncurtovirus and probably Eragrovirus are transmitted by leafhoppers (4-6), those of the 34 genera Topocuvirus and Grablovirus are transmitted by treehoppers (7), and those of the genus 35 Capulavirus are transmitted by aphids (8)(9)(10). This means that geminiviruses were able to adapt 36 to different insect environment and particularly to counteract defense mechanisms and achieve 37 the complex virus-vector interactions associated with circulative transmission. Thereon, 38 compared to Luteoviridae or Nanoviridae, two families of viruses also transmitted in a 39 circulative manner but quasi exclusively by aphids (11), the family Geminiviridae stands in 40 striking contrast. With the exception of the recently discovered whitefly transmitted polerovirus 41 (12), it seems that members of Luteoviridae or Nanoviridae were not able to evolve all the 42 necessary interactions to be transmitted by other hemipteran groups, which altogether suggests 43 that the adaptation to other hemipteran groups is not straightforward.
INTRODUCTION
Generally, plant viruses belonging to the same family are transmitted according to the same 29 transmission mode (1, 2) . In particular, the viruses of the family Geminiviridae are all known A fluorescent probe complementary to the CP gene of ALCV was prepared by random priming 148 with the BioPrime DNA labeling system (Invitrogen) and Alexa Fluor 568-labeled dUTP. The 149 template DNA was PCR amplified from the recombinant plasmid containing the ALCV 150 genome, using the following primer pair: CP_ALCV_620-F, 5'-GAA GAG GGC GAG AAC 151 GAC AG-3' and CP_ALCV_1025-R, 5'-GTG GTC TAT TTC AGC AGT TGC C -3'. 152 Ten µl of the probe was diluted in 290 µl of 20 mM Tris-HCl hybridization buffer (pH 8) 153 containing 0.9 M NaCl, 0.01% SDS and 30% formamide. The diluted probe was denatured 154 10 min at 100°C and rapidly cooled on ice for 15 min. In parallel, plant samples (petiole, leaf-155 discs or veins) were soaked 3 times 5 min in hybridization buffer. Plant samples were then 156 incubated overnight at 37°C in embryo dishes containing probe solutions and sealed with 157 parafilm membranes. After three washing steps of 5 min with hybridization buffer and two with 158 PBS, samples were mounted on microscope slides in Vectashield antifade mounting medium 159 containing 1.5 µg.ml -1 DAPI for staining nuclei. Observations were performed using a Zeiss 160 Confocal microscope and acquired in a stack mode.
161
EPG system 162 We used the electropenetrography (EPG) technique (27, 28) to investigate which specific stylet 163 penetration activities of A. craccivora individuals were associated with the transmission of the 164 virus. By connecting an insect and its host plant to an electrical circuit, EPG allows variations 165 in biopotentials and electrical resistance to be recorded (referred to as electrical waveforms) 166 and related to different feeding activity patterns (29, 30) . In particular, localization of the aphid 167 stylets in the phloem is characterized by two typical waveforms, E1 and E2. The E1 waveform 168 occurring few seconds after the stylet penetration in the sieve element has been related to 169 salivation and described as the essential phase for inoculation of persistently or semi-170 persistently transmitted plant viruses by aphids (31), whiteflies (32), or leafhoppers (33). The 171 E1 waveform is generally -but not necessarily -followed by a short transition period and typical 172 E2 waveforms. The latter has been related to passive sap ingestion and concurrent secretion of 173 watery saliva (31). An assumption that is commonly accepted is that phloem-restricted viruses 174 transmitted by homopterans are acquired only during the ingestion phase (i.e. waveform E2).
probing and ingestion activities of virus-free newly emerged A. craccivora adults on leaves of aphids were stored individually at -20°C. Total DNA was extracted from each aphid and viral 209 DNA was quantified by qPCR as described above. Negative controls consisted of three adult 210 aphids of the same batch that were given access to upper leaves of healthy broad bean plants. 211 In experiment 2, 26 individuals were monitored for 4 hours. For each individual, we calculated 212 the variable WDi -Waveform Duration by Insect, i.e. sum of durations of all its events of one 213 waveform type made by each individual insect that produced that waveform -related to E2 214 pattern as defined by Backus et al. (38) . The total DNA of each aphid was extracted and viral 215 DNA was quantified by qPCR. Finally, the viral amount of each individual was plotted against 216 WDi-E2.
217

Individual transmission probability and transmission rates in relation to aphid numbers
218
(experiments 3 & 4)
219
In experiment 3, the individual transmission probability of ALCV by aphids was estimated in 220 relation to their virus content. After a 3-day AAP on ALCV-infected broad bean plants, 221 43 individuals were each given individual access to one healthy broad bean plants for a 5-day 222 IAP. The viral DNA of each of the 34 individuals that were alive at the end of the IAP was 223 quantified by qPCR. The 34 plants associated with the surviving aphids were sampled 4 weeks 224 after IAP and PCR-tested for ALCV detection.
225
In experiment 4, the transmission rate of ALCV was determined with aphid batches of various 226 sizes in eight independent transmission tests (Suppl Table 1 ). The batch size were of 1, 5, 10, 
Minimum latency and inoculation period (experiment 8)
257
In the first set of four transmission tests (tests 1-4), five to ten young apterous adult aphids were 258 given a 15-hours AAP on ALCV infected broad bean plants and then shifted to test plants for 259 various IAP durations between 3h and 48h. Similarly, five to ten aphids were given AAPs of 260 48 or 72 hours and then shifted to test plants for IAP of various durations between 1 and 120h 261 (tests 5-7). The number of plants for each condition of each test was between 9 and 20. The 262 infectious success was determined with symptom observation and PCR detection of viral DNA.
263
Vertical transmission of ALCV (experiment 9) 264 In a first test, aphids were reared on ALCV infected broad bean plants for 2 weeks. Apterous 265 adult individuals were shifted into a transparent box for 6 hours. Progenies produced in the box 266 were given access to nine healthy plants (5 nymphs per plant). As a positive control of ALCV 267 transmission, adults from the box were given access to three healthy plants (5 apterous adults 268 per plant). The test was repeated independently one month later with 8 healthy plants, each exposed to 5 nymphs. Another positive control was to test if nymphs can transmit ALCV horizontally. To do this, L1-L2 nymphs produced on ALCV infected plants were shifted to 271 broad bean test plants, 5 individuals per plant. Eight day-old adults were similarly shifted to 272 test plants as a control.
273
Vertical transmission was also evaluated by testing the presence of viral DNA in two pools of 274 30 nymphs produced by viruliferous adults. Pools were from broad bean plants of the third 275 sequential passage in the persistence test (experiment 7). Total DNA was extracted from each 276 of the two pools of nymphs and the presence of viral DNA was determined by qPCR.
277
Effect of ALCV on aphid fitness (experiment 10) 278 To determine whether ALCV could affect the fitness of its vector, we estimated the intrinsic When nymphs retained for laying turned out to be alate, they were excluded from the test.
294
Likewise, the countings that were performed with adults that were not found at the end of the 295 experiment, or that produced very few or no nymphs were excluded from the statistical analysis 296 to avoid interpretation bias. Due to this selection, 6 viruliferous and 9 non-viruliferous 297 individuals were excluded from the analysis. The rm value was estimated for each individual for 298 comparison of mean differences, but the rm values presented in the results are the group values, 299 and standard errors were calculated using the bootstrap technique (42).
All statistical analyses were conducted with the R software v3.6. 1 (43) .
302
To interpret the results from experiments 2, 5 and 6, we applied loess (acronym for locally 303 weighted regression) smoothing to fit a curve through points in each scatterplot (44) . With this (Fig 4b, red curve) . Surprisingly, the transmission 397 rates derived from transmission tests performed with different numbers of individuals per test 398 plants (1, 5, 10, 20, 30, 40 ; Suppl Table 1 ), were all below the expected rates (Fig. 4b) . The 399 theoretical individual transmission rates derived from the observed transmission rates with the 400 formula TR = 1-(1-pi) n were between 2.8 and 6.1%. To summarize, the individual transmission To determine the minimum AAP duration that is needed to reach an optimal transmission rate, 411 5 or 10 individuals per test plants were used as defined above. Figure 5 shows that up to 48h, 412 the transmission rate is a quasi-linear function of acquisition time, reaching a maximum of 413 about 50 to 60%. Increasing acquisition time beyond 48h does not increase the transmission 414 rate, even up to 5 days. It is noteworthy that the maximum transmission rate is not reached 415 following a 24 hour AAP although the most intensive virus accumulation was achieved in less 416 than 24h (Fig. 3) . These results are consistent with the threshold hypothesis. Indeed, it seems 417 that the moderate virus accumulation that occurs after the initial intensive virus accumulation 418 (19h) is critical for an optimal transmission rate. Unexpectedly, in some tests, low transmission 419 rates were observed although the experimental conditions were the same.
420
Contrasted ALCV persistence in aphid cellular compartments, and potential impact on 421 virus inoculation 422 ALCV was previously reported to circulate and persist in A. craccivora based on the detection 423 of ALCV DNA in midguts, heads and hemolymphs 6 days after a 3 day AAP (9). This result is confirmed and expanded here by monitoring the dynamics of viral DNA in these compartments up to 12 days after a 3 day AAP (Fig. 6 ). Viral DNA monitored from the whole body exhibited 426 an increase between 0 and 8 days post-AAP and the effect of time was significant according to 427 the Kruskal-Wallis test (p-value=0.048). However, the pairwise multiple comparison test does 428 not reject the null hypothesis of equality of means estimated for every three post-AAP durations 429 (p-values ≥ 0.14). This apparent contradiction between the tests can be explained by the low 430 number of repetitions (n=4) for each duration. We conservatively conclude that the viral load 431 in the whole body did not increase after AAP which is consistent with the midgut results in 432 which no significant differences were detected between the samples collected over time The non-correlation between the amount of acquired ALCV and the durations of AAP observed 516 during a 4-hour AAP fades with longer AAPs. Thus, we hypothesize that, due to the generalized 517 contamination of the sieve tube network, the ALCV content of individual aphids, irrespective 518 of their puncture spot, increase steadily during the first 24 hours of AAP, the accumulation 519 phase exhibiting the highest increase. Such a correlation between duration of AAP and virus 520 amount in the vector was also detected with other geminiviruses and is a common feature of 521 non-propagative transmission (50).
522
From 15 hours AAP, the number of copies of viral DNA per individual reaches 10 6 , and was in 523 the range of 10 6 to 10 7 between 2 and 4 days AAP. While these amounts are slightly higher than 524 that of MSV in its leafhopper vector following a 6-day AAP (< 10 6 DNA copies)(51), they were 525 lower than those of tomato yellow leaf curl virus and watermelon chlorotic stunt virus in their 526 whitefly vector following AAPs of 5 or 6 days (10 8 DNA copies or more) (52, 53) 527
Transmission success depends on a high viral amount threshold in aphids 528
Previous transmission studies with geminiviruses showed that the infectivity of viruliferous 529 vectors was correlated with AAP durations (e.g., 54). These results suggest that insect 530 infectivity depends on its virus content but to our knowledge, a threshold of virus concentration 531 beyond which an infection is possible was to our knowledge never defined. Here, by checking 532 the virus concentrations in individual viruliferous aphids each tested for infectivity, we came 533 up with a virus concentration threshold below which insects are not infective. As the 534 quantification was done after the 5-day IAP, the threshold of 1.6 x 10 7 copies of viral DNA 535 corresponds to the persistent virus that is most likely internalized and therefore relevant for 536 infectivity.
537
Although necessary for infectivity, reaching this concentration threshold is not sufficient, 538 because 50% of the individuals that reached the threshold were not infective during the 5-day 539 IAP. As aphids are genetically highly homogeneous due to their clonal multiplication, the 540 contrasted infectivities may be associated with stochastic phenomena, like the site of 541 inoculation, a particular feeding behavior, particular physiological conditions influencing the , 5, 10, 20, 30, 40, 100 individuals (experiment 4) . For each aphid batch size, mean theoretical 850 individual transmission rate (pi) was deduced from formula, TR = 1-(1-pi) n , knowing TR and 851 n (values in % on the figure) (see also Suppl Table 1 ). The grey curves are the theoretical curves transmission rate (pi) was deduced from formula , TR = 1-(1-pi) n , knowing TR and n.
